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transcriptionº) (Keene and Luse, 1999). It is only follow-Jianhua Fu,* Averell L. Gnatt,* David A. Bushnell,*
ing the generation of a transcript longer than about 11Grant J. Jensen,* Nancy E. Thompson,²
residues that a stable elongation complex is formedRichard R. Burgess,² Peter R. David,*
and highly processive RNA polymerization takes placeand Roger D. Kornberg*³
(Holstege et al., 1997). Footprint analysis shows the pro-*Department of Structural Biology
tection of 40±50 base pairs of DNA (Rice et al., 1993)Stanford University School of Medicine
and about 18 residues of RNA (Gu et al., 1996) in theFairchild Science Center
elongation complex. An RNA±DNA hybrid of 8±9 baseStanford, California 94305
pairs extends from the growing end of the RNA (Nudler²McArdle Laboratory for Cancer Research
et al., 1997; Komissarova and Kashlev, 1998; SidorenkovUniversity of Wisconsin
et al., 1998) and is approximately centered within anMadison, Wisconsin 53706
unwound DNA region (ªtranscription bubbleº) of about
15 base pairs (Kainz and Roberts, 1992; Lee and Lan-
dick, 1992). A pause in transcript elongation can result
Summary
in backtracking of the enzyme on the template, which
may, in turn, lead to arrest (Reeder and Hawley, 1996;
Appropriate treatment of X-ray diffraction from an un- Komissarova and Kashlev, 1997; Nudler et al., 1997). Up
oriented 18-heavy atom cluster derivative of a yeast to 27 residues of RNA are protected from nuclease at-
RNA polymerase II crystal gave significant phase infor- tack in an arrested complex (Gu et al., 1996), and in the
mation to 5 AÊ resolution. The validity of the phases presence of elongation factor TFIIS, the polymerase can
was shown by close similarity of a 6 AÊ electron density cleave the RNA 7±9 residues from the 39-end and resume
map to a 16 AÊ molecular envelope of the polymerase transcription (Gu and Reines, 1995).
from electron crystallography. Comparison of the 6 AÊ The structural basis of the RNA polymerase II mecha-
X-ray map with results of electron crystallography of nism has been pursued by crystallographic analysis. A
a paused transcription elongation complex suggests first step in this direction was taken by the formation of
functional roles for two mobile protein domains: the two-dimensional (2D) crystals of yeast RNA polymerase
tip of a flexible arm forms a downstream DNA clamp; II on lipid layers (Edwards et al., 1990). The crystals were
and a hinged domain may serve as an RNA clamp, small and poorly ordered, apparently due to heterogene-
enclosing the transcript from about 8±18 residues up- ity of the polymerase, caused by substoichiometric
stream of the 39-end in a tunnel. amounts of two small subunits, Rpb4 and Rpb7. Crystal
quality was improved when these subunits were re-
moved by isolation of the enzyme from an rpb4 deletion
Introduction strain of yeast (Woychik and Young, 1989; McKune et
al., 1993). The deletion reduced the size and complexity
RNA polymerase II forms the core of a transcription of the enzyme only slightly (from 12 to 10 subunits, and
machine responsible for mRNA synthesis in eukaryotes. from a mass of 555 to 511 kDa) and did not impair activity
Polymerase II assembles with general transcription fac- in RNA chain elongation. The deletion enzyme was inca-
tors to form a 35-subunit initiation complex at a promoter pable of promoter-dependent initiation of transcription
and start transcription. Further association with the 20- but regained this capacity upon reconstitution with
subunit Mediator enables both positive and negative Rpb4 and Rpb7 (Edwards et al., 1991).
regulation of initiation (Bjorklund and Kim, 1996). Media- The molecular envelope of polymerase II (lacking
tor and general transcription factors are largely released Rpb4 and Rpb7) was determined at 16 AÊ resolution by
following initiation, and the polymerase interacts with electron crystallographic analysis of specimens embed-
another set of proteins to facilitate and regulate RNA ded in negative stain (Darst et al., 1991). A notable fea-
ture at this resolution was a ª25 AÊ channel,º surroundedchain elongation (Reines et al., 1996; Shilatifard, 1998).
by an arm of protein density (Figure 2B). On one faceAll the many dozens of proteins involved in initiation
of the protein, the channel led into a ªbroad grooveºand elongation interact directly or indirectly with the
(termed ª25 AÊ grooveº in Darst et al., 1991) and alsopolymerase and modulate its activity. Elucidation of the
into a ªnarrow channel,º 12±15 AÊ in diameter. The floorpolymerase structure and catalytic mechanism are
of the narrow channel was penetrated by a hole abouttherefore key to understanding the entire transcription
8 AÊ in diameter, which extended as a tunnel through theprocess.
protein to the opposite side. The 25 AÊ channel and theBiochemical studies of eukaryotic RNA polymerases
broad groove were thought to accommodate duplexand the related bacterial enzymes have revealed com-
DNA, while the narrow channel was suggested to bindmon features of the catalytic mechanism. In both cases,
RNA or single-stranded DNA (Darst et al., 1991).the initial transcribing complex is unstable and repeat-
Subsequent studies of E. coli RNA polymerase, re-edly synthesizes short RNAs of 2±10 residues (ªabortive
lated to eukaryotic RNA polymerases, and of yeast RNA
polymerase II showed that the arm around the 25 AÊ
channel is flexible and can adopt at least two conforma-³ To whom correspondence should be addressed (e-mail: kornberg
@stanford.edu). tions, open and closed (Polyakov et al., 1995; Asturias
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Table 1. X-Ray Diffraction Data for RNA Polymerase II Crystals
Crystal Native W18a Ta6a Ir2a
X-ray source (SSRL) BL1-5 and BL9-1 BL1-5 BL1-5 BL1-5
Wavelength (AÊ ) 1.2146 and 0.98 1.2146 1.2549 1.1053
Absorption peak (AÊ )b 1.2147 1.2546 1.1054
Useful resolution (AÊ ) 3.5 4.4 6.0 6.0
Observations 326,937 70,598 38,110 62,935
Unique hkl 57,566 27,088 12,929 14,087
Completeness (%) 83.3 77.0 93.0 99.8
Rsym (overall)c 0.082 0.064 0.072 0.075
Rsym (highest bin) 0.289 0.098 0.174 0.253
aW18: K6[P2W18O62].ca15H2O; Ta6: Ta6Br1221; Ir2: pentamethylcyclopentadienyliridium chloride dimer (Aldrich), which readily breaks down to the
reactive monomer.
bAs measured by X-ray fluorescence spectroscopy directly from the derivatized protein crystals.
cRsym 5 R|Ihkl 2 kIhkll|/RIhkl, where kIhkll is the mean intensity among symmetry related reflections.
et al., 1997). In the open conformation, duplex DNA could phase determination by the isomorphous replacement
method (Crick and Maydoff, 1956; Thygesen et al., 1996).gain access to the channel, as required for initiation and
termination of transcription. In the closed conformation, One of several clusters tried, mainly composed of 18
tungsten atoms (W18), bound to polymerase II at a spe-DNA would be restrained, perhaps to enhance the pro-
cessivity of RNA chain elongation. cific location, as revealed by difference Patterson maps
(Rossmann, 1960, 1961). The W18 cluster (D'Amour,To test these ideas and extend the structural analysis,
we have grown single crystals of yeast RNA polymerase 1976) contributes nearly 2000 electrons to scattering
from proteins upon full occupancy. Three types of modelII (lacking Rpb4 and Rpb7), diffracting to better than
3.5 AÊ resolution. Solution of the crystal structure by were used to refine the heavy atom coordinates: a sin-
gle-rigid-group model, which assumes that the clusterX-ray analysis was complicated by a number of factors,
including the size and fragility of the protein, crystal binds to the protein in a unique orientation; a model
polymorphism, and difficulties obtaining suitable heavy consisting of three rigid groups, each in a different orien-
atom derivatives. We report here on structure determina- tation and at a location slightly shifted with respect to
tion to better than 6.0 AÊ resolution, which has confirmed the mean position; and a spherically averaged model,
the essential findings from electron crystallography, while in which clusters bind in numerous random orientations
at the same time revealing additional, important features but with a constant center of mass. Application of the
of the protein structure. Taken together with evidence on single-rigid-group model gave phasing power that
the path of nucleic acids across the polymerase surface, dropped to below 1.0 at resolutions higher than 9.5 AÊ ,
presented in the work by Poglitsch et al. (1999 [this although diffraction extended to 4.4 AÊ (Tables 1 and
issue of Cell]), our results suggest structure±function 2). The phasing statistics obtained with the three-rigid-
relationships underlying the transcription mechanism. group model were essentially the same (data not shown).
The spherically averaged model gave the best resultsÐ
Results phasing power was greater than 1.0 for resolutions up
to 5.0 AÊ (Table 2). The use of the spherically averaged
model also gave a significantly better electron densityPhase Determination with Heavy Atom
Cluster Derivatives map (see below). We attribute the success of this model
to the shell-like structure of the electron density distribu-The large size of yeast RNA polymerase II necessitated
the use of heavy atom cluster compounds for initial tion of a spherically averaged W18 cluster (Figure 1A).
Table 2. Phasing Statistics for the W18 Cluster Derivative
Single-Rigid-Group Model Spherically Averaged Model
d-spacing (AÊ ) SIR P.P. SAS P.P. SIRAS kml d-spacing (AÊ ) SIR P.P. SAS P.P. SIRAS kml
24.6 2.11 3.91 0.78 14.8 2.0 2.8 0.61
16.7 2.64 3.48 0.69 9.3 1.2 2.7 0.35
14.1 2.62 3.09 0;65 7.8 1.5 2.2 0.41
12.7 2.45 2.56 0.55 6.9 1.4 2.9 0.40
11.7 1.92 2.22 0.50 6.3 1.3 2.7 0.39
11.0 1.98 2.16 0.44 5.8 1.2 2.7 0.38
10.4 1.50 1.53 0.25 5.4 1.2 2.4 0.41
9.9 1.23 1.43 0.28 5.1 1.1 2.4 0.43
9.5 1.06 1.19 0.24 4.8 1.0 2.3 0.44
9.2 0.85 0.81 0.21 4.6 0.9 2.2 0.42
Numbers in bold belong to the resolution ranges having significant phase information, whereas d-spacings smaller than those underlined
suffer from a sharp drop in phasing power. SAS phases based on the spherically averaged model extend to higher resolutions (limited only
by the diffraction data) than the SIR phases (4.4 AÊ versus 5.1 AÊ ), because anomalous scattering is independent of scattering angle. With the
rigid body model, even SAS phases were limited to the same low resolution as SIR phases (9.9±9.5 AÊ ), because an incorrect fw18 will lead to
incorrect Fh (heavy atom structure factor), F1ph, and F2ph (Bijvoet pair of derivative structure factors) in the phasing process.
P.P. (phasing power) 5 k|FH|l/k|FPH(obs) 2 FPH(calc)|l; kml, mean value figure of merit; d-spacing, interplanar spacing between two crystal lattice planes.
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heavy atom compounds, Ta6 and Ir2 (Table 1), and the
heavy atom locations were determined by difference
Fourier analysis (data not shown), using protein phases
obtained from the W18 derivative. Since all the derivative
data were collected at wavelengths corresponding to
the heavy atom anomalous absorption peak (Table 1),
anomalous difference Fourier analysis (data not shown)
was then used to identify the handedness of the heavy
atom configurations (Blundell and Johnson, 1976). Al-
though the Ta6 cluster has been shown to bind a protein
in a unique orientation (Knablein et al., 1997), giving
phase information to high resolution, we could not pur-
sue this possibility, due to the diffraction limit of the
derivative crystals (Table 1). The Ir2 compound most
likely binds as the monomer, and so it would have given
high-resolution phase information if not for diffraction
limitations (Table 1).
Protein MIRAS phases were calculated to 5 AÊ from
the three derivatives and subjected to solvent flattening
(Wang, 1985). The protein phases were recalculated with
the heavy atom parameters refined against the solvent-
flattened phases (Rould et al., 1992). One more round
of solvent flattening was performed to obtain the final
MIRAS phase set at 5 AÊ resolution (Table 3).
Fit of X-Ray Map to Molecular Envelope
from Electron Crystallography
The correctness of the protein phases was shown by
the fit of the X-ray map to the molecular envelope from
electron microscopy (EM), as well as by detailed features
of the map. (The EM envelope was not used in the sol-
vent flattening procedure.) An envelope computed from
the X-ray map (Figure 2A) showed a pair of protein densi-
Figure 1. A Spherically Averaged Scattering Model for W18 ties closely similar to the pair of polymerase II molecules
(A) Electron density calculated from a ten-membered composite set seen in the center of the C12 unit cell of 2D crystals by
of W18 coordinates, each member having a different orientation but EM (Figure 2B). The pair of proteins is related by a two-with a common center of mass. Isocontours are color coded as
fold axis in both the 3D and 2D crystals, and the unitfollows: red, highest; yellow, middle, and cyan, low. The shell-like
cell dimensions along the direction of the two-fold anddistribution is evident, and the diameter of the red shell is approxi-
mately 8 AÊ . perpendicular to it are conserved for the 2D and 3D
(B) Scattering factor (red dots) computed by equation (3) as a func- crystals (b2D ≈ b3D 5 224 AÊ , a2D ≈ diagonala,c3D 5 392 AÊ ).
tion of sinu/l for the scatterer in (A). Curve ª111º represents a The two-fold relationship was used to align the X-ray
four-Gaussian fitting to the average scattering (A in Table 4). Curve
MIRAS map (calculated at 6 AÊ ) with the EM envelope.ª---º is an analytical approximation to 4.5 AÊ with equation (4) and
The fit was much better for the map calculated withthe corresponding coefficients (B in Table 4).
phases derived from the spherically averaged W18 model
(Figure 3A) than for a map calculated with phases from
the single-rigid-group model (Figure 3B). About 90% ofScattering from such a shell shows a subsidiary maxi-
mum at a resolution equal to about half the diameter of the X-ray density was accommodated within the EM
envelope (Figure 3A). The X-ray map exhibited manythe shell (Figure 1B), as expected from the transform of
a ring (an idealized example in two dimensions), a zero distinctive features of the EM envelope, including an
arm of density surrounding a channel, and nearby, aorder Bessel function.
Two additional derivatives were obtained with smaller ªfingerº of density projecting into solution.
Table 3. Isomorphous and Anomalous Analysis to Low Resolution
Native/Derivative Pol II/W18 Pol II/Ta6 Pol II/Ir2
Occ. of each site 1.0 1.0, 0.34 1.0, 0.84, 0.68, 0.61, 0.34
Resol. (AÊ ) in phasing 5.0 5.8 6.0
Rcullis (centric) 0.77 0.68 0.66
SIR phasing power 1.5 1.3 1.5
SAS phasing power 2.0 1.7 1.6
Combined MIRAS kml 0.58
Occ., relative occupancy of substitution by heavy atom reagents; kml, mean figure of merit value; Rcullis 5 R|FPH 6 FP| 2 |FH(calc)|/R|FPH 2 FP|,
where FPH and FP are derivative and native structure factors, respectively, and FH(calc) is the calculated structure factor of only the heavy atoms.
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Figure 2. Molecular Envelopes of RNA Polymerase II in Crystals
(A) A protein envelope calculated from the X-ray MIRAS map. The
envelope is displayed as a single isocontour representing about
90% of the molecular volume. a, b, and c denote the unit cell axes
of the 3D crystal.
(B) The molecular envelope from electron crystallography (Darst et
al., 1991) with a contour level representing about 70% of the molecu-
lar volume. Previously identified features are indicated. The location
of the active site cleft is from Poglitsch et al. (1999).
Figure 3. Fit of X-Ray MIRAS Map to Molecular Envelope of RNA
Polymerase II from Electron CrystallographyThe X-ray map contained many continuous, rod-like
(A) Solvent-flattened electron density (light tan, contoured at 1.0 s)density elements (Figure 4). The diameters of these ele-
based on the MIRAS phases calculated with a spherically averagedments corresponded well with that of an a helix, and
W18 model. The density map was computed at 6 AÊ resolution. Thewhere the elements were in close proximity, their side- outline of the density matches the molecular envelope from electron
to-side spacing was similar to that of close-packed a crystallography (red net). Note the EM envelope was not used at all
helices as well. While model building is not possible in the solvent flattening procedure. The main features of the EM
envelope previously noted are indicated. The view is similar to thatat this resolution, the abundance of apparently helical
of Figure 2B.elements in the X-ray map indicates that the phases
(B) Solvent-flattened density (beige, contoured at 1.0 s) based onare largely correct and bolsters our confidence in two
the MIRAS phases calculated with a single-rigid-body model for
aspects of the map that deviate from the EM envelope. W18. The map shown was computed also at 6 AÊ resolution and was
slabbed as in (A). Note densities connecting neighboring molecules
obscure the molecular boundary in this map, and the main featuresConformational Mobility of RNA Polymerase II
of the EM envelope are not as recognizable as in (A). The view isOne deviation was on the face of the molecule adjacent
identical to that in (A).to the broad groove and narrow channel mentioned
above, where a small domain (about 10% of the polymer-
ase by volume), packed against the body of the molecule
in the EM envelope, appeared to have pivoted away by closed conformation of the hinged domain is observed.
Since crystal packing interactions are comparativelynearly 408 in the X-ray map (Figures 5A and 5B). In
support of such a movement, this ªhingedº domain was weak, the two conformations may be in equilibrium, with
appreciable mobility of the small domain.manually rotated back, giving a good fit of the entire
X-ray density to the EM envelope (Figures 5C and 5D). The open conformation of the hinged domain contains
a newly identified second groove about 50 AÊ long be-The open conformation of the hinged domain seen
in the X-ray map was apparently stabilized by crystal tween the domain and the body of the polymerase mole-
cule (ªRNA grooveº in Figure 5B). In the closed confor-packing interactions of the domain with neighboring
molecules (Figure 5A). In the absence of these interac- mation, the groove is not completely eliminated, but
rather persists in a much diminished form as a tunneltions, as in all 2D polymerase crystals so far studied, the
Yeast RNA Polymerase II at 6 AÊ Resolution
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Figure 4. Some Rod-Shaped Densities Suggestive of a Helices
(A) Stereo view of the finger-like protrusion of the RNA polymerase II structure (Figure 3A). The map was calculated to 6 AÊ in the same manner
as in Figure 3A and contoured at 1.0 s. A chain of a carbons (cyan) representing an a helix was placed in the central density. The overall
structure of this finger domain appears be a coiled coil (see Figures 3A, 5C, and 5D).
(B) Densities with helical features in another region of the map. Again, chains of a carbons representing a helices are colored cyan.
through the protein (ªRNA tunnelº in Figure 5C), pre- and orientation as an element of density occluding the
channel in an improved EM envelope; see Poglitsch etviously noted in the EM envelope (see above). The
hinged domain forms the roof of the tunnel. al., 1999.) The residual opening of the channel is about
14 AÊ , no longer sufficient to accommodate duplex DNA,
though still large enough for passage of a single strandConstriction of the 25 AÊ Channel
A second important deviation between the X-ray map of DNA or RNA.
The X-ray map substantiates an important detail ofand EM envelope is in the channel, enclosed by an arm
of protein density and estimated to be about 25 AÊ in the arm surrounding the 25 AÊ channel in the EM enve-
lope. The domain at the tip of the arm appeared to bediameter in the EM envelope. In the X-ray map, a long
rod of density constricts the opening of the channel on in close proximity to but otherwise unconnected with
the shelf of protein densities below (Figure 2B). Bothone side (Figure 6A). (This rod is in the same location
Cell
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Figure 5. Structural Mobility of a Small Hinged Domain
(A) Densities (beige, contoured at 1.0 s) that form a small domain deviate from the EM envelope (red). The map was calculated to 6 AÊ in the
same manner as in Figure 3A. Protein packing interactions are evident as indicated. The view is from the center of the dimer interface in
Figure 2B looking toward the molecule on the left side.
(B) Densities (at 1.0 s level) corresponding to one complete polymerase molecule extracted from the X-ray map (independently of the EM
Yeast RNA Polymerase II at 6 AÊ Resolution
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Figure 6. Densities Constricting the Opening of the 25 AÊ Channel
(A) Stereo view showing a segment of rod-like density (Constricting density) that narrows the opening of the 25 AÊ channel on one side (leaving
a smaller opening, the Residual channel). The map (at 1.0 s, gold) is the same as in Figure 3A. The EM envelope is in red. The view is from
the front and lower right of Figure 2B. Density features corresponding to the downstream DNA clamp identified in Poglitsch et al. (1999) are
marked as the ªTipº region.
(B) Stereo view from the side of the same region of the map as in (A), with the EM envelope again in red. Density features corresponding to
the location of the downstream DNA clamp are marked as the ªTipº region.
elements, the tip of the arm and that of the underlying domain) is revealed (Figure 5), in addition to the flexible
arm observed by EM. In the open conformation of theshelf, were well defined in the X-ray map and clearly
distinct from one another (Figure 6B). Movement of the hinged domain, a new groove is defined, which connects
with the active site cleft (Poglitsch et al., 1999), as wellarm away from the shelf for DNA binding and release
(Polyakov et al., 1995; Asturias et al., 1997), therefore, as with the broad groove previously seen by EM. We
comment here on the methods used to derive the 6 AÊremains a tenable hypothesis.
map and then turn to the functional significance of the
two mobile domains and two grooves, as well as otherDiscussion
features of the map.
Phasing power of a W18 cluster derivative to 5 AÊ resolu-The 6 AÊ X-ray map of yeast RNA polymerase II confirms
and extends results of electron crystallography at 16 AÊ tion (Table 2) was important for obtaining our map. In
the absence of a precise orientation of a bound cluster,resolution (Figure 2). A second mobile element (hinged
envelope). The majority of the protein densities are shown in blue, while those of the small hinged domain are colored green. The EM envelope
is in red. The direction of view is flipped 1808 from that in (A).
(C) Stereo view of reconstructed protein densities in which the small hinged domain (green) has been rotated toward the body of the molecule
(blue) by about 408. A global match with the EM image (red) is now apparent. Location of a tunnel-like passage for RNA is indicated. The view
is the same as in (B).
(D) Stereo plots of a side view of (C). The density domains are colored coded as in (C), and the main structural features are indicated. Note
that densities of the finger-like protrusion, here and in (C), appear to form a coiled coil.
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Figure 7. A Topographical Model of a Transcription Elongation Complex
(A) Stereo view of the surface (white) of RNA polymerase II derived from the X-ray map, with models for the RNA transcript (blue, ends
indicated) and downstream DNA duplex (orange). The RNA-DNA hybrid (8 bp) is based on a crystal structure (PDB ID code, 1fix). The likely
trajectory of upstream DNA (dashed line) in the broad groove of Figure 2B is based on results of electron crystallographic analysis (Leuther
et al., 1996).
(B) Expanded view of a part of (A) from a different direction to reveal the proximity of the 39 end of the RNA to the mouth of the residual
channel (hole through the polymerase structure seen here). Color code is the same as in (A).
the expected resolution limit on phase information useful for phasing diffraction from cluster derivatives of
other large proteins and multiprotein complexes in thewould be approximately the diameter of the cluster
(Thygesen et al., 1996; Ban et al., 1998). Higher resolu- future.
Nucleic acids could be modeled into the 6 AÊ map attion was apparently attained due to the cage-like con-
figuration of the W18 cluster and consequent shell-like the locations shown by electron crystallography of a
paused elongation complex (Poglitsch et al., 1999).distribution of W atoms in the average over many orien-
tations of the cluster (Figure 1). This finding may prove About 12 bp of duplex DNA downstream of the RNA
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polymerization site could be accommodated between and Krakow, 1975; Surratt et al., 1991). The hinged do-
the tip of the arm and the underlying shelf of protein main would function as an RNA clamp, possibly contrib-
density (Figures 6 and 7). An RNA±DNA hybrid of about uting to the great stability of transcription elongation
8 bp (Nudler et al., 1997; Komissarova and Kashlev, complexes. The total of 8 residues in RNA±DNA hybrid
1998; Sidorenkov et al., 1998) would extend from the and 10 residues in the tunnel could account for three
mouth of the ªresidual channelº (see 39-end of RNA in further observations. First, about 18 residues of RNA
Figure 7B, and location of residual channel in Figure 6B) would be inaccessible to nuclease attack, consistent
to the beginning of the new groove defined by the hinged with results of nuclease protection mapping (Gu et al.,
domain in the open conformation (RNA groove in Figure 1996). Second, antiarrest effects of promoter proximal
7A). The transcription bubble, containing the hybrid re- sequences have been attributed to their formation of
gion and about 3 bp of unwound DNA on either side, double-stranded RNA with the nascent transcript about
would fill a cleft between the arm and the hinged domain, 17 residues upstream of the 39-end; double-stranded
with the enzyme active center in the floor of the cleft. RNA would prevent the reverse threading of the tran-
Binding of downstream DNA by the tip of the arm script that accompanies arrest (Reeder and Hawley,
could correspond to the ªdownstream DNA clampº 1996). The physical basis of this proposal may lie in
demonstrated by biochemical studies of E. coli RNA the dimensions of the transcript-binding tunnel, which
polymerase (Nudler et al., 1996, 1998). Interaction of the allow passage of only single-stranded, and not double-
polymerase with about 10 bp of downstream DNA was stranded, RNA (Darst et al., 1991) up to about 18 resi-
shown to be essential for stability of an elongation com- dues from the 39-end (our model). Third, an early block
plex. The span of the downstream DNA-binding site to HIV-1 transcription is facilitated by formation of a
(z40 AÊ , corresponding to about 12 bp, Figure 6B) could hairpin structure, termed the ªpause hairpin,º which
also explain why RNA polymerase II stalls within 10 bp allows backtracking by 2 residues (Palangat et al., 1998).
of the end of a linear template in vitro (Izban et al., 1995) The 39-end of pause RNA can be restored to the active
and why downstream DNA sequence context affects site by conversion from the pause hairpin structure to
elongation (Telesnitsky and Chamberlin, 1989; Lee et the ªTAR RNA structureº (Jones and Peterlin, 1994),
al., 1990; Tornaletti et al., 1997). releasing the block on transcription. The pause hairpin
While molecular details of the downstream clamp are begins 23 residues from the 39-end of the transcript,
lacking, the close approximation of the tip of the arm which we would expect to allow backtracking by up to
and underlying shelf of protein density that form the 5 residues, whereas the TAR RNA hairpin can potentially
clamp lead us to suggest a possible mechanism. Protein pair closer to the 39-end, inhibiting backtracking and
might grip the DNA through penetration and nonpolar pausing by capturing transcript bases as they exit from
contact in the major (or minor) grooves. Movement of the RNA tunnel.
the DNA would be effected by turning of the helical Our analysis does not, at present, address the interac-
screw, ªlubricatedº by the ªoilyº interaction in the tion of polymerase with DNA upstream of the transcrip-
grooves. tion bubble, important for the initiation of transcription.
The location of the 39 (growing) end of the transcript Electron crystallography has indicated a probable direc-
near the mouth of the residual channel (Figure 7B) could tion of upstream DNA (dashed line in Figure 7A) but not
have two functional implications. The first concerns the the path across the enzyme surface. A prominent ridge
mechanism of RNA chain elongation. Nucleoside tri- of protein density (to the left of the dashed line in Figure
phosphates could gain access to the growing end of 7A) could play a role in establishing or maintaining the
the RNA through the constricted opening of the channel open state of the transcription bubble. Our findings are
on the opposite side. This proposal is consistent with supportive of the inference from the EM results that
the relationship of substrate and primer terminus in the upstream and downstream DNA directions meet at
structures of single-subunit DNA polymerases (Pelletier roughly 908 in the transcription bubble. In particular, our
et al., 1994; Doublie et al., 1998; Kiefer et al., 1998), evidence for occlusion of the previously defined 25 AÊ
although the mode of entry of the substrate was not channel, leaving a residual opening too small for duplex
previously discussed. The second implication of our DNA, argues for a path of the DNA confined to one face
model concerns the mechanism of ªbacktrackingº in of the polymerase. This trajectory is topologically similar
which a stalled polymerase moves backward on the tem- to that seen in the structures of single polypeptide DNA
plate, with reverse threading of the transcript through the polymerases±nucleic acid complexes (Eom et al., 1996;
active center. The 39-end of the RNA extruded during Doublie et al., 1999). The alternative, that DNA would
backtracking may insert through the mouth of the resid- pass through the hole in the protein to the opposite
ual channel and become buried inside. side, as previously proposed for multisubunit RNA poly-
RNA beyond the 59-end of the RNA±DNA hybrid region merases, now seems unlikely.
could traverse the groove at the base of the hinged
domain (RNA groove in Figures 5 and 7A). Since electron Experimental Procedures
crystallography reveals the hinged domain in a closed
Protein Purification and Crystallizationconformation in a transcription elongation complex, and
A strain of Saccharomyces cerevisiae lacking two small, dissociablethe hinged domain covers the groove to form a tunnel
subunits, Rpb4 and Rpb7 (Woychik and Young, 1989; Edwards etin the closed conformation, RNA may pass through the
al., 1991; McKune et al., 1993), was used as the source of protein.tunnel. Based on the length of the tunnel, about 10
About 5 to 8 mg of pure RNA polymerase II could be isolated from
residues of single-stranded RNA could be accommo- 600 g of cell paste. Purification followed a rapid protocol developed
dated, which may represent the RNA product±binding earlier (Edwards et al., 1990) with minor modifications. The crystalli-
zation procedure stemmed from earlier findings as well (Edwardssite long thought to exist in RNA polymerases (Kumar
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et al., 1994). In this work, RNA polymerase II crystals were grown in
Table 4. Coefficients for Analytical Approximation of thehanging drops, in 50 mM dioxane, 10 mM DTT, 390 mM (NH4)2HPO4/ Spherically Averaged W18 Scattering ModelNaH2PO4 (pH 6.5), with PEG 6000 as a precipitant. It was necessary
to perform the crystallization in an anaerobic atmosphere, with the Coefficients A (up to 9 AÊ ) B (16 to 4.5 AÊ )
use of a glove box (COY) filled with Ar/H2 (90%/10%). Crystals with
a1 1260.1 2903.0maximum dimensions from 0.15 to 0.5 mm usually appeared in 7
b1 381.2 509.3to 10 days. Large crystals of RNA polymerase II, usually those having
a2 1132.8 5109.4a longest dimension of about 0.5 mm, developed cracks immediately
b2 380.9 237.8after opening the wells. Small crystals, about 0.2 mm in the largest
a3 1053.7 21197.1dimension, were rigid enough to allow further manipulation. These
b3 381.0 849.4crystals were cryo-soaked with propylene glycol in mother liquor in
a4 22016.3 25254.3a stepwise manner up to 16% (w/v). The cryo-protected crystals
b4 76.9 108.5were then slowly cooled to 48C during 2 days in a styrofoam con-
c 621.9tainer. After thermal equilibration, crystals were flash frozen in liquid
c1 184.0N2 (McRee, 1999). Large crystals, though not useful for data collec-
c2 30.0tion, proved very useful for X-ray fluorescence experiments. The
fluorescence scans (SSRL BL1±5) facilitated screening for potential
Empirical expressions: A, fw18 5 o
4
i51
aiexp(2bisin2u/l2) 1 c;heavy atom derivative crystals.
B, fw18 5 sinc2(c2sin1.2u/l1.2) o
4
i51
aiexp(2bisin2u/l2) 1 c1.
Diffraction Experiments and Data Processing
All diffraction data were collected with synchrotron radiation at
SSRL on either phosphor-storage media (Fuji imaging plates and
MAR Scanner) or a Quantum-4 CCD detector (Area Detector System
Corporation). An oscillation step of 18 was used throughout. The When plotted against sinu/l, the points conform to a best-fit curve
crystal-to-detector distance varied from 250 mm for the CCD to (Figure 1B) that should represent the scattering curve for the spheri-
450 mm for the MAR Scanner, depending on beam characteristics. cally averaged W18. Some points deviate from the average curve
Derivative crystals were all aligned with their longest unit cell axes because the number of differently oriented W18 clusters is still some-
(c axes) along the spindle so that Friedel pairs (Woolfson, 1970) what inadequate to simulate complete spherical averaging. Never-
could be measured close in time and almost on the same diffraction theless, the ten-W18 model is satisfactory for simulating the scatter-
image. Heavy atom fluorescence spectra were obtained from large ing behavior to about 4 AÊ .
derivative crystals mounted in glass capillaries. The fluorescence For calculating structure factors using fw18, an analytical approxi-
data provided estimates of anomalous scattering factors, ´f9 and mation is needed. The four-Gaussian approach used for atomic
´f99, of the heavy atoms, using the program DISCO (K. Eichhorn). scattering factors (Int. Table, 1974) proved inadequate for resolu-
Each derivative set was collected at a wavelength chosen to opti- tions higher than 9 AÊ (Figure 3, line ª111º), whereas an additional
mize anomalous signals (´f99) based on the observed spectrum. Raw sinc2 term, introduced as follows, improved the fit to 4.5 AÊ :
reflection intensities were reduced with programs HKL/DENZO (Ot-
winowski and Minor, 1996), MOSFILM (Leslie, 1992), and CCP4
fw18 (u) 5 sinc2(c2sin1.2u/l1.2)o
4
i51
ai exp(2bisin2u/l2) 1 c1(1994). Crystal unit cell parameters determined from the reflections (4)
by these programs were as follows: a 5 131.4 AÊ , b 5 224.6 AÊ , c 5
369.8 AÊ , a 5 b 5 g 5 908. The space group was determined to where parameters a1±a4, b1±b4, c1 and c2 were found by the numerical
be I222, using reciprocal lattice characteristics and verification by procedures in MATLAB (MathWorks, Inc.) and listed in Table 4.
difference Patterson functions of the W18 derivative.
Phasing TechniquesScattering Factor Estimation for the W18 Cluster
SIR, SAS, and MIRAS phasing (refinement of heavy atom parametersThe scattering from a spherically averaged W18 cluster was com-
and phase calculation) were carried out with the program packageputed with the use of the known coordinates of the cluster. To
PHASES (Furey and Swaminathan, 1997) with a modification to applysimulate spherical averaging, ten species of W18, each oriented dif-
the parameterized fw18 values in the heavy atom structure factorferently around a common center of mass, were introduced with
calculation subroutine. Solvent flattening was performed with boththe program O (Jones et al., 1991) into an asymmetric unit of a P1
PHASES and DM (Cowtan and Main, 1998) with a solvent content ofcell, with equal occupancies of 1/10 and atomic B factors of 40 (AÊ 2).
48%. Phasing statistics are presented in Tables 2 and 3. DifferenceThe electron density calculated to 5 AÊ from the ten-W18 model display
Patterson and difference Fourier functions were computed witha smeared, shell-like distribution with no hint of the individual atoms
PHASES. Molecular envelopes were generated from ªsmearedº(Figure 1A). Being centrosymmetric, the structure amplitudes Fcalchkl
maps by the same procedure as in solvent flattening and graphicallycan be calculated from
examined with O. To extract densities for a single RNA polymerase
II molecule, Bldcel (a PHASES program) was slightly modified toFcalchkl 5 o
N
i51
2 ficos 2p (hxi 1 kyi 1 lzi) exp(2Bi sin2u/l2) (1)
reset grid values to zero when falling outside the molecular enve-
lope. Volumes of protein domains were estimated with PHASES bywhere fi is the atomic scattering factor for ith atom, hkl is the Miller
summing the number of grid points encountered within the corre-index of each reflection, Bi is atomic thermal parameter, l is the
sponding envelopes in the 3D map.wavelength, u is half of the Bragg's angle (Woolfson, 1970), and N
is the total number of atoms in the asymmetric unit. Treating the
W18 cluster as single scatterer with a scattering factor f w18, Fcalchkl can Protein Surface Rendering and Model Building
be rewritten as The solid surface representation of the protein was generated by the
RIBBONS program (Carson, 1997) from the smeared map calculated
Fcalchkl 5 Fw18hkl 5 2fw18 cos2p(hxw18 1 kyw18 1 lzw18)exp(2Bw18 sin2u/l2) (2) using reflections up to 7 AÊ d-spacing and a 14 AÊ ªsmearingº radius
(Leslie, 1987; Wang, 1985). A model for the paths of DNA and RNAwhere xw18, yw18, and zw18 are centroid coordinates of the cluster and
was constructed with the graphics program O, using crystal struc-Bw18, the thermal parameter for W18 as single scatterer, was chosen
ture coordinates from the PDB. A segment of B-DNA of 12 bp wasto be 80 (AÊ 2). The only unknown parameter, fw18, which we wish to
used to model the downstream DNA region; 8 bp from an RNA-DNAestimate as a function of sinu/l, can be simply obtained by combin-
heteroduplex (ID code 1fix) were placed in the active site cleft toing (1) and (2) to give
represent the RNA product-DNA template hybrid; and 3 residues
of DNA in an arbitrary single-stranded conformation were placedfw18 5
Fcalchkl
2cos 2p (hxw18 1 kyw18 1 lzw18)exp(2Bw18 sin2 u/l2)
(3)
between the downstream DNA and DNA in the hybrid.
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